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By Willis M. Braithwaite,  Paul E. Renas,  and 3huner-t T. Jamen 

An investigation was conducted in an altitule  chaniber  at  the mACA 
Lewis laboratory to evaluate an internal afterburner  configuration  for 
a turbojet  engine having a short  converging  conical  afterburner  shell. 
with a two-position  exhaust  nozzle.  Three  configurations, which were 
designed on the  basis  of  previous  experiments with this  burner,  were 

were  obtained  over a range  of  altitudes  to  determine  which  configura- 
tion  best  satisfied  the  design  requirement  that  the  burner  operate sat- 
isfactorily up to an altitude of 50,000 feet. 

c installed. Performance  characteristics 8nd operational lbits of  each 

L 

An afterburner  configuration was designed  that had an altitude 
operational Umit of 51,000 feet  with  essentially no effect of altitude 
on performance up to an altitude of 45,000 feet. In =der  to  obtain 
this  performance,  the  afterburner  internal  configuration a c h  included 
a two-ring  V-gutter flame holder, a streamlined  diffuser  inner  body, 
and 16 fuel bars had to be further  modified to Lnc5l.de 37 turbine-outlet 
gas-flow  straightening  vanes. 

TNTROIKJCTIOB 

Operational.  requirements  of  recent  interceptors  or  other high- 
performance  aircraft demand satisfactory  turbojet-engine  operation  at 
increasingly  higher  flight  speeds and altitudes. In accordance wjtth 
these  requirements,  the  present  investigation,  wbich was conducted in 
an altitude  chauiber  at  the NACA Lewis laboratory, was directed  toward 
obtaining  satisfactory  afterburner  performance and operational  charac- 

altitude  of 50,000 feet.  The  engine-afterburner  conibination  used  for 
this  Investigation  consisted  of a preproduction  power  section, a short 

I teristics  for a p&icular  engine-afterburner  conhination  up to an 

L 
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afterburner,  and a two-position  clamshell  nozzle  as  supplied by the 
engine  manufacturer.  The  outer  shell  of  the  afterburner  remained UaaL- 
tered  throughout  the  investigation. . 

Previous investigations  of a rider of  internal  configurations in 
the  same  afterburner  shell  are  reported in references 1 and 2. Fram 
this  information, a two-ring  V-gutter  flame  holder  had  been  incorporated 
in the  design  of  the  afterburner  used in this  investigation.  The dif- 
fuser inner body  had also been  modified in order  to  provide an improved 
velocity  profile  at  the  burner  inlet. In the  investigation  reported. s 
herein,  the  performance  and  operational  characteristics  of  three  after- 
burner  internal  configurations  were  evaluated.  Turbine-outlet  guide 
vanes  were inst~lled for  one  of  the  three  configurations to reduce  the 
amouzlt of awirl i n  the gas flow enbring the. ? m e r  from  the  turbine. 

R) 
Q) 

Operational  characteristics of the  three  afterburner  configura- 
tions Ehna altitude performawe of two of  the  three  configurations are 
presented in both  tabular and graphical form. Performance data were 
obtained mer a rauge of ?altitudes from 10,000 to 45,000 feet for the 
initial and final configurations, and performance  data  were  obtained 
over a range of flight Mach nmibers at an Etltitude  of 30,000 feet  for 
the final configuration. 

APPARATUS 

Installation 

The  engine was installed in an altitude c-er which  is 10 feet 
in diameter  and 60 feet long (fig. 1). A honeyconit) is  installed in the 
chamber  upstream of the  test  section  to  straighten and to  smooth  the 
flow of inlet  air. The forward bulkhead, which  incorporates a laby- 
rinth s e a l  around  the  forward  end of the  engine, was used  to  separate 
the  engine-inlet  air from the  exhaust and to  provide 8 meags of main- 
taining a pressure  difference  &cr06s  the  engine. A 14-inch  butterfly 
valve m s  installed in the  forward  bulkhead to provide  cooling air for 
the  engine  compartment.  The  rear  buLkhead was installed  to  prevent 
recirculation of exhaust  gases  about the engine.  The  exhaust  gas  from 
the jet  nozzle was discharged into an exhaust  diffuser  to  recover  some 
of the  kinetic  energy  of  the  jet.  Combustion in the  afterburner was 
observed  through a geriscope  located  directly beund the  engine. 

A J35-A-35 engine, which  includes  the  afterburner, was used in 
this investigation.  The  engine has a static  sea-level  thrust  rating 
of 5400 pounds  wlthout  afterburning (5600 lb without  compressor-inlet i 
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screens) at rated  engine  speed of 8000 r p m  and a turbine-outlet  teqper- 
ature of 130O0 F, for aa inlet-air  temperature of 60' F (reference 3). 
A t  t h i s  operating  condition,  the  air flow is 91 pounds  per  second and 
the  specific fuel consumption  is 1.09 pounds  per hour per  pound of 
thrust.  The  principal  components of the  engine  are an ll-stage axial- 
flow compressor, eight cylindrical through-flow conibustion  chambers, a 
single-stage  turbine, and an afterburner.  The  over-all  length  of  the 
engine and afterburner  is  approx.imately 196 inches and the 
diesleter is 43 inches.  T3roughout  the  investigation KU;-F-5624A, 
grade JP-3, Fuel  with a &ow heating value of 18,750 Btu  per  pound and 
a hydrogen-carbon  ratio of 0.171 was used in both  the engine and the 
afterburner. 

Afterburner Assenibly 

Cross  sections of the  afterburner assdlies used  are shown in 
figure 2. The  afterburner  shell, comnmn to all configurations  investi- 
gated, was 7% inches long and was conqosed of three  sections: (11 a 
conical  diffuser followed by a short  cylindrical  section, (21 a con- 
verging conical  burning  section, and (3) a two-position  clamshell-type 
nozzle.  The  two-position  nozzle was maint'ained in the  open  position 
(area, 389 sq in. 1 throughout  the  investigatian.  Fuel was supplied to 
the  afterburner by as air-turbine  fuel pumg w h i c h  was driven by  air 
from an independent  source. 

3 

The  three  confXgurations  reported  herein  included  the  variations 
listed in the follarLng table: 

config- I Fuel System I F l a e  holder 
Distance from Blocked area 

A 16 89 6 oninnerbcdy 
2-V ring; p i l o t  

on inner body 
2-V ring;  dme B l.6 10 

cross- 
sectional  area) 

37.5  37.5 

%ne orifice was drilled in the end of each fuel bar t o  supply fuel fo r  the diffuser- 
inner-body flame seat (fig. 3). 
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The  difPuser  inner  body  for  configuration A w&s supported frbm the 
outer wall by  four  rod6 #hi& were  covered by faired  struts having a 
chord l e m h  of 7~ inches  (fig. 2(a)). The  downstream  end of this  dif- 

fuser  contained a depreesed flame seat + inches in diameter.  The 
flame  holder was munted from  the  outer  shell and located % inches 
downstream  of  the  inner  body. From the  inner  ring  of  this  flame  holder, 
six stubs 1$ inches  long  protruded inwqd (fig.  2(a)) The  fuel  sys- 
tems  for all configurations  are  shown in figure 3. 

1 

7 

1 

For  configuration B, the  faired  struts  were  removed  leavFng  the 
bare support rods  and  the  flame  seat was replaced  by a dame  (figs. 2 (a) 
and 41. The  flame  holder  was  the same as  for  configuration A except 
that  the six stubs  were  replaced  by  four  supporting  struts  attached  to 
the  dame  of  the  diffuser  inner  body (f ig. 4). The  flame  holder was 

also moved fo-d 3 inches  (fig. 2(b) ). The  fuel  system for this 
configuration  is shm in figure 3(b). 

1 

Configuration C had the same inner body  with  rod  supports,  flame- 
holder muntin@; and  location, and fuel  system as configuration B. In 
addition, 37 evenly  spaced  flow-straightening  vanes  (fig. 5) were 
installed  at  the  turbine  outlet on the  diffuser  body.  These  vanes  were 
designed  to  turn  the  flow  leaving  the  turbine  approldms=t;ely 40° at t he  
turbine blade  root to 0' at  the  blade  tip  (fig. 5(b) ) . 

The &terburner  hot-streak  ignition  system  consisted  of  two f u e l  
nozzles  approximately 180° apart  located jwt aft of the downstream 
a i d e  of the turbine. These nozzles injected'  fuel  into t h e  turbine- 
outlet gas stream  about two inches  from  the  outer shell  only during 
the ign i t ion  cycle. 

Instrumentation 

Engine-inlet  air  flow was determined  by  temperature,  total-pressure 
survey  rakes, and wall static-  ressure  orifices  located st the  compres- 
sor w e t  (station 1, fig.  G(aP). bstrumentation m e  installed for 
measuring the  engine  midframe  air  bleed. Thia  air flow was subtracted 
from  the  engine-inlet  air  flow  in  order to obtain  the  afterburner  air 
flow.  Afterburner-inlet  total  pressure and temperature  were  determined 
from a survey  at  the  turbine  outlet  (station 5, fig.  6(b) ). Turbine- 
outlet  temperature was also measured  by  the engine manufacturer's 
instnunentation,  which  consisted of a thermocouple harness conprised, 
of 10 thermocouples.  Static  pressures  were  measured at the  diffuser 
outlet  by wall orifices. Tota l  pressures  were measured at  the 
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eaust-nozzle M e $  with a water-cooled survey rake  {fig. 6(c)). The 
angle of swirl of the  gas flow was measured  at  the  edhaust-nozzle  inlet 
by mans of a water-cooled  rotatable  rake  (fig. 6(d)). The  rake was 
equipped with a9 actuator that positioned  the  probes  at an Etngle  to  the 
plane  of  the a x i s  of  the  engine.  Anibient  pressure in the  region  of  the 
e&aust-nozzle  outlet  was  determined  by  static  probes in the  plane of 
the  nozzle  outlet.  Engine and afterburner  fuel flows were  measured by 
calibrated  rotameters. 

h 

Afterburner  operational  and performace data were  obtained  Over a 
range  of  altitudes fram 10,000 feet  to  the naximm operable  altitude  at 
a flight  Mach  number  of 0.6 and  over a rage of flight  Bhch  nuibers 
f r o m  0.4 to 0.8 at an altitude  of 30,000 feet. For each  flight  condi- 
tion,  data  were  obtained  at  several  afterburner  fuel flows between  the 
lean blow-out limit and the  fuel flow required for limiting  turbine- 
outlet tqerature (1760' R). The lean  operating  lFmit was determined 
by: (1) comglete  blow-out of the  burner, (2) rough  burning,  or (3) 
flame  seating on ly  in the  pilot  burner  (configuration A).  Llmiting 
turbine-outlet  temperature m e  defined a s  operation  at 1300' F (1760° R] 
as indicated by  the  manufacturer* s- instrumentation. All afterburning 
data  were  obtained  with  the  engine  operating  at  rated  speed (8000 rpm) 
and with the  two-posltion  nozzle in the  open  position.  Engine-inlet- 
air total  temgerature and total  pressure  were  regulated to correspond 
to mAcA stan-  altltude  conditions. 

The  procedure  followed in the  ignition  investigation was to  close 
the  eyelids  of  the  exhaust  nozzle  and  to  inject  fuel  into  the.after- 
burner  and throu& the  hot-streak  fuel  nozzle. As soon as  the  turbine- 
outlet  temperature  started  to  increase,  the  eyelids of the nozzle  were 
opened  and  the  hot-streak  ignition  fuel was shut  off. 

The  methods and symbols used in  the  calculations  are  given in the 
appendix. 

Operational  Characteristics 

The  operational  limits  of  the  three  configurations  are  presented 
i n  figure 7 for varying altitude  and  flight h c h  nuuiber.  The tWp basic 
operational  limits  which  are  presented  axe: (1) afterburner  lean  oper- 
ating  limit,  and (2) limiting  turbine-outlet  tenperature  operation. 
The maxFmum altitude limit, which  is  defined as lean codustion blow- 
out  at  limiting  turbine-outlet  temperature, is also presented. 
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The  first  of  the  three  configurations  investigated  (configura- 
tion A] -had an altitude  limit  of  approximately 47,000 feet  at an after- 
burner  fuel-air  ratio  of 0.049. Because the primary  objective  of  this 
investigation was the  development  of an afterburner  that  would  operate 
at an altitude  of 50,000 feet,  this  configuration was 'considered  unsat- 
isfactory. Along with  failure  to  reach  the  desired  altitude,  another 
disadvantage  of  this  configuration was burnjsg in the  wake  of  the dif- 
fuser  struts with a resultant  short  service UTe of  the damstream end 
of  the  inner  body,  which was caused  by the high degree of swirl of the 
gases  lea- the  turbine.  Consequently,  the  faired  struts  were 
removed and the flame holder  moved  to  the  end of the  diffuser  with a 
dome  .replacing  the  flame  seat  (configuration B) . The maximum altitude 
obtained  with  this  configuration was approximately 41,500 feet  at a 
fuel-air  ratio  of 0.0315. At this  condition, v i s u a l  observation indi- 
cated a very  unstable  and  swirling  flame. 

Measurements  by  the  engine mmdacturq at  sea-level  static  condi- 
tions  (fig. 8(a)) and flame  patterns on the  inner  body  indicated that 
the swirl angle leadng the  turbine  varied  Linearly  from  approxi- 
mately 40' at  the  blade  root  to  approximately 0' at  the  tip  in a direc- 
tion  opposite  to  the  rotation  of  the  turbine  rotor.  Because  the  gases 
are  entering a diffusing  section, the angle of swirl Qf the gases  down- 
stream  from this station  can be expected t o  be as great if nut greater 
than  those  indicated  previously. 

In order  to  reduce  the  swirl  angle of the  gases  leaving  the  tur- 
bine,  straightening  vanes  were  installed  at  the  turbine  outlet  (config- 
uration C]. With  this  configuration  change,  the  sxirl  angle was reduced 
to less  than loo at  the  center of the  elrhaust-nozzle  inlet as was indi- 
cated by a survey  at-  this  station  (fig.  8(a)>.  These  data  were  obtained 
by  rotating  the rake in such a manner  that  the  probes  were  at  the  vari- 
ous angles  to  the  plane  of  the  engine &s and  were  evaluated as shown 
in  figures 8(a) and 8(b). 

This configuration  (configuration  C)  had at altitude limit of 
approximately 51,000 feet  (fig. 71, improved  afterburner  performance, 
increased  service life, and improved  stability of conibustion (less 
flickering  of  the  visible  flame).  Ignition  of  the  afterburner was pos- 
sible  wtth  the  torch  igniter  provided  by  the  engine  manufacturer  for 
the  range of altitudes  covered in this  investigation. 

Performance  Characteristics 

Altdtude  performance  data  are  presented in tabular  form in table I 
and in graphical  form i n  figures 9 to 13. Figure 9 presents a comgarf- 
son of.the performance of configurations A and C at  altitude.s of 
30,000 and 40,000 feet  for a flight Mach number of 0.6. Figures 10 
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asd ll present  data  for  configuration C for a range of altitudes  at a 
flight Mach rimer of 0.6 and a range  of  flight  Mach  mmibers  at an 

performance  for  configuration C. 
- altitude  of 30,000 feet.  Figures 12 and 13 prei3ent  the  over-&  engine 

N cn s 

Comparison  of  configurations. - The  afterburner-inlet  conditions 
for  configurations A and C axe  presented in figures 9(a) and 9(b) and 
the afterbmner performance  is shown in figures S(c) to 9(f ). Perfom- 
ance  data  could  not be obtained  for  configuration B because  of  the high 
degree  of mirl which prevented an accurate  measurement  of  pressures; 
however,  the  performance of t h i s  configuration  is  not  considered  of 
importance bewuse of the  poor  altitude  operational  characteristics. 

For a given  afterburner  fuel-air  ratio,  configuration A had a 
lower  turbine-outlet  tenperature  but a higher  total  pressure than con- 
figuration C. The  turbine-outlet t o w  pressure  is  lower  lor  configu- 
ration C because of the  pressure drop across  the  straightening vanes. 
A comparison  of  the  performance  for  these  two  configurations  shows  that 
for  configuration C the  afterburner  conkustion  efficiency,  exhaust-gas 
total  tenperature, and augmented  net  thrust  is  higher  snd  specific  fuel 
consumption  is  lower  than  the  corresponding  values  for  configuration A. 
The  magnltude  of  the  difference  is  indicated  by  the cdustion effi- 
ciency which hcreased  from 0.86 for  configuration A to 0.91 for 
configuration C . 

Altihde and  flight  Mach nmiber effects. - The performance  obtained 
for  configuration C over a range of altitudes  from 10,OOO to 45,000 feet 
at a flight  Mach  nuniber  of 0.6 is sham in figure 10 and  the  effect  of 
varying flight  Mach  nuuiber from 0.4 to 0.8 at 'an altitude  of 30,000 feet 
is shown in figure ll. For a given  afterburner  fuel-air  ratio,  increas- 
ing the Uitude at a constant  flight,  or  decreasing  the  flight  Mach 
rimer at a constant  altitude,  tended  to lower the turbine-outlet  total 
teqperature asd to reduce t h e .  turbine-outlet  total  pressure in propor- 
tion  to  the  campressor-inlet  total  pressure. In addition,  increasing 
altitude  had no appreciable  effect on afterburner  canibustion  efficiency, 
exhaust-gas  total  temperature,  or  specific  fuel  consump€ion,  but  reduced 
the  augmented  net  thrust. A peak  afterburner  combustion  efficiency  of 
approximately 91 percent was obtained  with this burner up to an alti- 
tude of 45,000 feet. 

Because  the  turbine-outlet  total  temperature  decreased  as  the 
altitude  increased, or flight Mach nuniber  increased,  it  would  be 
expected  that  the  exhaust-gas  total  temperature would decrease if the 
afterburner cdustion efficiency  were  constant.  However,  the  after- 
burner  f'uel-air  ratio is defined  (see  appendix) as the  ratio  of  the 
afterburner  fuel  to  the  total air less  the air used for complete  com- 
bustion of the  prFmary engine fue l .  Because  the  engine  combustion  is 
not 100 percent  efficient, some unburned fuel from  the  engine  enters 
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the  afterburner along with the  unburned  air  products  of  combustion. 
This quantity  of  unburned fuel  is  not  accounted  for in the  afterburner 
fuel-air  ratio.  Therefore,  for  the  sane  afterburner  cmibuetion  effi- 
ciency,  the  temperature  rise  between  the  turbine  outlet and the  nozzle 
inlet  is  greater  than  it would be f o r  t he  afterburner fue l  flow alone. 
That p a r t  of the  temperature rise attributed  to  the  unburned  engine f u e l  
must be of  the  same  magnitude as the  decrease in teqerature at  the 
turbine  outlet  to  yield  the  nozzle-=et t o w  temperature  observed. 
Ekamination  of  the  data  shows  that  the twerature rise  in  the  after- 
burner  due to unburned engine fuel for varying  flight  conditions  is  of 
the  proper  magnitude to give an approximetely  constant  exhaust-gas tem- 
perature  for any given  afterburner  fuel-air  ratio. The spread in the 
curves  of  e-ust-gas  temperature and afterburner  combustion  efficiency 
is within the normal accuracy  of  thie  type of data. 

For the  range of conditions  investigated,  the  afterburner- 
combustion-chmiber  inlet  (diffuser  outlet)  velocity  varied  from 507 to 
463 feet  per  second  as  the  altitude was increased  from 10,000 to 
45,000 feet  at a flight  Mach  number  of 0.6 and from 485 to 495 feet  per 
second  as  the  flight  Mach  number  was  increased  from 0.4 to 0.8 at an 
altitude  of. 30, OOO feet. 

Over-All  Performance 

The  over-all  performance  obtained  with  configuration C is presented 
in figures 12 and 13 f o r  a turbine-outlet gas tenperatwe of 1710' R, 
based on NACA thermocouple lhstmentation, which is the highest tern- 
perature  at  which  data  were  available  at a l l  conditions  for  cross  plot- 
ting. It must  be  emphasized that the  performance  data  presented  are 
significant o n l y  for an emust-nozzle area of 389 square  inches  as  used 
in this  investigation. The relation  of  the  manufacturer's  indicated 
turbine-outlet  temperature  to a NACA turbine-outlet  total  temperature 
of 1710' R is presented in  figures 12(d)  and 13(d) for  varyi,ng  altitude 
and  flight  Mach  number,  respectively.  Exhaust-gas  total  temperature, 
augmented  thrust  ratio,  and  specific  fuel  consumption  are  shown in fig- 
ure 12 for a range  of  altitudes  at a flight  Mach. number of 0.6. The 
augmented  thrust  ratio is defined as the  net  thrust  obtained  with 
afterburning to the  net  thrust  obtained with the  engine and standard 
tail  pipe at a turbine-outlet  gas  temgerature  of 1710° R. For a change 
in altitude f rom 10,000 to 45,000 feet  at a flight  Mach  number of 0.6, 
constant  exhaust-nozzle-area  afterburner  operation  at a turbine-outlet 
total  temperature  of 1710' R resulted in an increase in exhaust-gas 
temperature  from 2810' to 3300' R, an increase in augmented  thrust  ratio 
from 1.42 to 1.56, and essentially no change in specific  fuel  consump- 
tion. If the  afterburner were operated  at  constant fuel-air  ratio BB 

the  altitude was increased,  the  turbine-outlet  gas  temperature  would 
decrease.  Therefore, in order  to  maintain  constant  turbine-outlet 
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temperature,  additional fuel must  be  burned in the  afterburner  which 
increased  the  exhaust-gas  temperature.  For  the  range  of  altitude  oper- 
ation f rom10,OOO to 45,000 feet,  the  afterburner  inoperative  thrust 
loss varies from 1 to 13 percent  of  the normaJ- standard enghe thrust. 

Afterburner  performance is shown Fn figure 13 for a range  of 
flight  Mach-numbers  at an altitude of 30,000 feet  with  the  engine 
afterburner  operating  at a fixed  exhaust-nozzle  ares asd a turbine- 
outlet to ta l  temgerature of 1710' R. An increase In flight  Bkch nu@er 
from 0.4 to 0.8 caused a decrease in the  exhaust-gas  temperature from 
3050° to 2970' R and an increase In the  augmented  thrust  ratio  from . 
1.42 to 1.51 while  the  specific  fuel  cansunption  remained  approximately 
constant.  The  thrust loss with the  afterburner  inoperative was 1 per- 
cent of .the  standard  engine  thrust. 

1 

An bvestigation.of a 535-A-35 turbojet  engine  with a short  con- 
verging  conical  afterburner  having a two-position ekhaust nozzle  shoired 
that a severe swirl in the  turbine-outlet  gases  of  approxFmstely 40°. at 
the turbhe blade  root  to 0' at  the  tip  can  have a detrbental  effect 
upon afterburner  performance and operata limits.  Modification of the 
afterburner  by  the  addition  of s-le straightening  vanes  Fmmediatelj. 
downstream  of  the  turbine  outlet  reduced  the awlrl angle  of  the  gasels 
entering  the burner to less than 10'. This reduction in swirl resulted 
in *roved  afterburner  performance,  altitude lhits, flame  stability, 
and sewce life. 

An afterburner  combustion  efficiency  of  approximstely 90 percent 
was obtained  with  the  b.est  configuration  while no si'&ificant  altitude 
effects  were  observed on afterburner  combustion  efficiency,  exhaust-gas 
temperature, and net-thrust  specific  fuel  consumption for  a change in 
altitude up to 45,000 feet  nor  for a dhange in flight Mach m e r  
from 0.4 to 0.8 at 30,000 feet.  An  altitude Umit of 51,000 feet  at- a 
flight  Mach  nuuiber  of 0.6 was obtained  for  the final afterburner  config- 
uration  and cdustion was stable up to the  point  of  blow-out. 

The  rich  limit  for  afterburner  operation  was  limited  by mnnq 
allowable  turbine-outlet  temgerature  for all the  conditions  investibted 
and no rich  blow-out was encountered. A larger  exhaust  nozzle  could, 
therefore  be  used with resulting  wider  operating  range,  higher  augmented 
thrust, and possible  higher  altitude  limit. 

Lewis Flight  Propulsion  Laboratory 

Cleveland,  Ohio 
National'  Advisory  Committee  for  Aeronautics 
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Symbols 

The following sy~ibols are used fn the  calculations and on the 
figures. 

cross-sectional  area, eq ft 

f low coefficient  at  vena  contracta 

velocity  coefficient,  ratio  of  actual  jet  velocity to effective 
jet  velocity 

thermoexpansfon  ratio,  ratio  of hot exhaust-nozzle  area  to 
cold  exhaust-nozzle  area 

Jet thrust,  lb 

net  thrust,  lb 

fuel-  air  ratio 

acceleration  due to gravity, 32.2 ft/sec 

total  enthalpy,  Btu/lb 

lower  heating  value of fuel,  Btu/lb 

Mach  nuniber 

engine speed, r p m -  

total  pressure, lb/sq ft absolute 

total  pressure  at  exhaust-nozzle  survey  station in standard 

2 

.. . . .  . 
. .  .. . . . . .  

engine  tail  pipe,  lb/sq ft absolute 

static  pressure,  lb/sq ft absolute 

gas  constant, 53.4 (ft) (lb)/(lb) (41) 

total  temperature, OR 

indicated temperatme, OR 

static  temperature, si 
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Lu 
Q, 
0 
4 

- .- 

velocity,  ft/sec 

air  flow, lb/sec 

conpressor  leakage air f l o w ,  lb/sec 

fue l  flow, a/& 
specific  fuel consumption based on t o t a l  fuel flow and net 

thrust, lb/(br) ( lb  thrust) 

gas flow, lb/sec 

ratio of specific heats for  gases 

afterburner conibustion efficiency 

engine conibustor efficiency 

Subscripts: 

a 

e 

f 

63 

i 

3 

m 

n 

t 

0 

1 

3 

5 

air 

engine 

fue l  

indicated by instrumentation 

station a t  which static  pressure of Jet equals  free-stream 
static  pressure 

fue l  manifold 

e~aust-nozzle   out le t ,  vena contracts 

tail-pipe  af'terburner 

free-stream  conditions 

engine M e t  

campressor outlet a t  engine-combustor i n l e t  

turbine  outlet o r  tai l-pipe  diffuser  inlet  
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6 

9 

10 

RACA RM E52G29 

diffuser  outlet  at  tail-pipe  conibustion-c-er M e t ,  leading 
edge  of flame holder 

exhaust-nozzle W e t ,  % inches  upstream  of  nozzle  outlet 1 

ehust-nozzle outlet 

Tenrperatures. 
temperatures  using 

Methods  of  Calculation 

- Static  temperatures  were  determined from indicated 
the  relation 

Ti t =  ry-L 1 

where 0.95 is  the  impact  recovery  factor far the  type of thermocouple 
used. 

Flight  Bbch  nunher and airspeed. - Flight mch number and equiva- 
lent  airspeed  were  calculated  from  engine-inlet  total  pressure  and 
total  temperature  and  free-stream  static  pressure assuming complete 
total-preisure resl recovery: 

and 

Air  flow. - Air flow was determined  from  pressure  and  temperature 
measurements  obtained in the  engine-inlek ann~&s. These  measkements 
were  used  in  the following equation 

h 

(0 
0 
&I 
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A i r  flow a t  the compressor outlet  (station 3) was obtained by sd t rac t -  
ing the compressor leakage a i r  f l o w :  

Gas flow. - Engine  gas flow a t  the  turbine  outlet i s  

and afterburner gas f l o w  i s  

Fuel-air  ratio. - The engine fuel-air  ratio i s  given by the 
equation 

The tail-pipe  afterburner  fuel-air ratio used herein i s  defined as the 
weight flow of fuel  injected  into  the  afterburner divided by the weight 
f low of uiburned a i r  entering  the  tail-pipe  afterburner. Weight flow 
of unburned air was determined with the use of the assumption that the 
fuel  injected in the engine codustor was coqletely burned. When a i r  
flow, engine fuel flow, and afterburner fuel flow axe c d i n e d ,  the 
followhg  equation for  tail-pipe  fuel-air r a t i o  i s  obtained: 

where 0.068 is  the  stoichiometric  fuel-air r a t i o  for  the engine fuel. 
The t o t a l  fuel-air r a t i o  f o r  the engine and afterburner i s  

Conibustion-chamber inlet  velocity. - Velocity a t  the cdus t ion -  
chaniber inlet  was calculated from the  continuity equation with the use 
of the  static  pressure measured at   station 6 and with the  assuuption 
of isentropic expansion between stations 5 and 6. 
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Engine  combustor efficiency. - Engine coaibustior efficiency i s  the 
ra t io  of enthalpy rise through the engine divided by the product of 
engine fuel flow asd the lower heating  value of the  fuel: 

Afterburner conibustion efficiency. - Afterburner cambustion eff i -  
ciency was obtained by dividing  the enthalpy r iee  through the after- 
burner by the product of afterburner fuel flow and. lower heating  value 
of the fuel.: 

The enthalpy of the combustion products -13 determined from the 
hydrogen-carbon r a t i o  of the  fuels by the method explained in   refer-  
ence 4, in which dissociation i s  disregarded. 

Exhaust-gas total temperature. - The t o t a l   t q e r a t u r e  of the 
exhaust gas was calculated from conditions  existing a t  the exhaust- 
nozzle vena contract8 by the  air-flow equation: 

r L-11 

The thermal-exgmnsion ra t io  CT was based on exhaust-nozzle skFn tem- 
perature and prope-dies of the %tal. Tbef&wcoefficient Cd was 
determined from nonafterburning engine data obtained  with the engine- 
afterburner  configuration and is presented in  the followLng figure. 
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. 

-ust-nozzle pressure ratio, Ps/po 

.- 

Augmented  thrust. - The  jet  thrust  of  the  conibined engine- 
afterburner  configuration was calculated frm exhaust-nozzle  pressure 
ratio,  exfkust-nozzle gas tengeratme,  and  afterburner gas flow. 

Fj = Cv 

where 

The  velocity  coefficient C, as determined from previous  engine opera- 
tion w&s 0.97. The  charts in reference 5 were  used  in  the  solution  of 
the  preceding  equation. 

The  augmented  net  thrust was obtained  by  subtracting  the  free- 
stream momentum of the  inlet  air from the  jet  thrust of the 
installation. 

e 
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Sfandard  engine  thrust. - The  jet  thrust  obtainable  with  the stand- 
ard  engine  at  rated  engine  speed was calculated  from  measurements  of 
turbine-outlet  total  pressure and total  temperature and engine gas flow 
obtained  during  the  afterburning pkgrsm: 

c 1 

where 

Experimental  data  from  previous  operation of the  engine  (reference 3) 
indicated  that the tatal-pressure lass across the standard-engine taAl 
pipe  between  stations 5 and 9 was approxim+ely 0.025 P5 at  rated 
engine  speed;  therefore, Pg' = 0.0975 P5. The nozzle velocity  coeffi- 
cient m s  assumed  to be 0.97, the  same  as  for the augmented  jet thrust. 

1. Grey, Ralph E., Ki-ulL, E. G., and  Sargent, A. F. : Altitude  Ihveati- 
gation of 16 Flame-Holder  and  Fuel-System  Configurations in Tail- 
Pipe  Burner.  NACA RM E5lE03, 1951. 

2. Huntley, S. C., and Wilsted, H. D.: Altitude  Performance  Investiga- 
tion of Two Flame-Holder  an&  Fuel-System  Configurations in Short 
Afterburner.  NACA RM E52B25,  1952. 

3. Walker, Curtis L., Huntley, S. C., and Braithwaite, W. M.: CODQO- 
nent and Over-All-Performance Evaluation of an Axial-Flow !Turbojet 
Engine  over a Range of Engine-Inlet  Reynolds Ilunibers. NACA 
RM E52Bo8, 1952. . . .. . .  

4. Turner, L. Richard,  and  Bogart,  Donald:  Constant-Pressure  Combustion 
Charts  Including  Effects  of  Diluent  Addition.  NACA  Rep. 937, 1949. 
(Supersedes WCA T N ~  1086 and 1655.1 

5. Turner, L. Richard,  Addie,  Albert N., and Zimmerman, Richard H.: 
Charts  for  the Analysis of One-Dimensional  Steady  Comgressible 
Flaw. NACA TN 1419, 1948. 
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Stations 5 f 6 
Four faired inner-body eupports 

" . 
Stations 5 6 9 

Diffuser inner body 

(b) Canfigurations B and C. 

Figure 2. - Crom section of afterburner instal lat ion.  
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I 

0 Indicates one 0.025” dlam. 
hole in end of bar 

All holes 
0.030” dim. 

0 -25’ 

0.438” 

(a) Fuel system w e d  In configuration A, loaated 4 Inches 
upstream of flame holder. 

One 0.025” diam. hole I 
dril led in end of bar 

9.125-4 

(b) Fuel-spray b a r  uaed in  configuration A. 

(c )  Fuel ags tem used In oonfiguratlms B and C. located 4 Inches 
upstream of flame holder. 

I 

I .87 

(d)Fuel-sprag bar used in configurations B and C. 

Figure 3. - Schematic diagrams of fuel systems. 
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Figure 4 ,  - Flame holder Ueed f o r  oonfigi+ktione B and C.  

NACA RM E52G29 
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I 
A 

f A 
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(a) Variation of operational llmits with altitude; 
fli&t Maoh number, 0.6. 

Afierburner mel-air   ratio,  (f/a)t 

(b)  Variation of operatianal limits with f l ight  Mach 
number; altitude, 30,000 feet. 

Flgure 7. - Operating Urnits of afterburner oonflguratims. Engine speed ,  8000 rpm. 

. 
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(a) Variation of swirl angle of t a i l - p i p e  gas flow with passage depth f o r  
various fught c o d i t t o m .  (Gae-mrl angle LE poeitive w h e n  gas rota- 
t i on  is in came direction engine rotation.)  

Figure 8. - Gas-flow-swirl conditions in afterburner for oonfiguratim C. 
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Angle of rake from axie of engine 

(b) Typiual ro t a t ing  rake data.  Altitude, 40,000 f e e t ;   f l i g h t  Mach num- 
ber, 0.6; turbine-outlet  temperature, 1720° X. (Gss-swirl angle is 
posi t ive when gae ro t a t i an  is in same direction ae  engine ro ta t ian . )  
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(a) Turbine-outlet total temperature. 

2607 

2000 

1600 
Altitude  Conflguratio 

(a )  Afterburmer ombustlon effloienay. [dl Exhaust-gas tatal temperature. 
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i! U 

1800 

1100 

1600 

1600 

1400 
(a) Turbine-outlet tota l  temperature. . (b) Wbine-outlet   total  pressure. 

- u 
4 I C )  Afterburner oombustion efficiency. (a) Exhaust-gas tota l  temperature. 

. .  

J 
Altitude m e r - i n l e t  

( i t )  velocity 
"6 

(ft/seo) 
0 10,000 

30,000 
507 

0 35,000 
4 92 

3.0 A 40,000 
487 

A 45,000 
475 
463 

2.6 

2 .o 
.01 .02 .03 .05 

. ". 

N 
Q, s 

. " 

.. - 

Afterburner fuel-air rat io ,   ( f /e ) t  

( e )  Augmented net  thruat. ( f )  Specific fue l  consumption. 

F I ~ ~ F O  10. - E f f e o t  of altitude on variation or  perromance of"amlgurat ion c with  afterburner m o l -  
a i r  ratio.   FUght Maah number, 0.61 englne speed, BOO0 rpm. 

. . . . -. . . . - " _  
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YIaoh n-er Afbrburnor 
bfo in l e t   ve loc i ty  

(ft/sec) 

.6 

.8 

(a)  Turbhe-outlet  total temperature. (b)  Turbine-outlet total pressure. 

(e )  Augmented net  thrust. ( f )  SFeclfic fuel consumption. 

Figure 11. - Effest of Hech  number  on variation. of performance of configuration C with  afterburner 
fuel-air   rat io .   Utitude,  30,000 f e e t i  engine speed, So00 rpm. 

. 
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(a)  Exhaust-gas total  temperatwe. 

.- 
( b )  Augmented thrust ratio.  

2. 

1. 

1. 
(c)   Specif ic  fuel amsumption  basad 

on net thrust. 

Altitude. f t  

(d)  Veriation of manufaoturer's indicated  turbine- 
outlet temperature with alt i tude,  NACA turbine- 
outlet gas tempereture of 1 7 U ) O  R .  

Figure  12. "Var'Iation of afterburner perfomihnce characteriatlca if configu- 

number, 0.6; engine  speed, eo00 rgm. 
ration C nlth altitude. Turbine-outlet total  temperature, 1710° R: Maoh 

N cn 
2 

. 

.. " 
" 

c 

s -  
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(a) Exhaust-gaa total temgerature. 

.m 

(b) Augmented thrust ratio. 

Mach number, 

(d)  Variation of manufacturer's indicated turblne- 
outlet temperature wlth Mach  number for NACA 
+.urblna-outlet gas temerature of 1710' R .  

Figure 13. - Variation of a f t e r b u r n e ~ p e r P o r . c h a r a c t e r i a t i c s  of configura- 
tion C xith  laoh number. Turbine-outlet total temperature,  1710° Ra altitude 
30,000 feet: engine speed, 8ooo r p m .  

. 
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